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Abstract

Surface-based radiometric sensing of tropospheric parame-
ters has a long history of providing useful measurements of
temperature, water vapor, and cloud liquid. In this tutorial,
a general overview of physical fundamentals, measurement
techniques, and retrieval methodology is given. Then sever-
al contemporary instruments are discussed and representa-
tive results are presented. Recent and promising develop-
ments include multi-frequency radiometers, scanning
observations of clouds, and combined active-passive

remote sensing. The primary applications of these new
technologies are weather forecasting and climate, commu-
nications, geodesy and long-baseline interferometry, satel-
lite data validation, air-sea interaction, and fundamental
molecular physics.

Introduction

A more extensive review is given in [11] and some of
the material in this tutorial has been extracted from this
document.
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2. General Physical Principles

The basic ideas of radiative transfer and thermal emission
are given in [12] and their application to microwave radio-
metric remote sensing is outlined in [13] . From the con-
cept of an ideal black body and Kirchoff’s law, it is known
that the emission from a black body depends only on its
temperature and that the higher the temperature of the
body, the more is its emission. The idea is made quantita-
tive by calculating the spectral distribution of a blackbody
emission from Planck’s law, which expresses the radiance
By(T) emitted from a blackbody at temperature T and fre-
quency v as

2h3 1

B.(D =5 (exp(v/ kD) — 1)

(1)

where /i = Planck’s constant, and k£ = Boltzman’s constant.
The radiance expresses the emitted power per unit project-
ed area per unit solid angle per unit frequency interval.
The second consideration is to relate the emission from a
real body, sometimes called a “grey” body, to that of a
blackbody at the same temperature. If the fraction of inci-
dent energy from a certain direction absorbed by the grey
body is A(v), then the amount emitted is A(v) By(T). For a
perfectly reflecting or transmitting body, A(v) is zero, and
incident energy may be redirected or pass through the body
without being absorbed. In the situation considered in this
tutorial, namely upward-looking radiometers viewing a
non-scattering medium, the equation that relates our pri-
mary observable, brightness temperature, 7, to the atmos-
pheric state is the radiative transfer equation (RTE) [13]

Bv(Tb) = Bv(Tf) CXP(—TuH‘

+ Jo Bu(T(Daw(s) exp(— [ (s)ds)ds, (2a)
0

where s = path length in km, 7(s) = Temperature (K) at the
point s, 7. = Cosmic background brightness temperature of
2.75 K, T, = opacity = total optical depth along the path s

o0

T, = /av(s)ds,

0

(2b)

where a,(s) = absorption coefficient (nepers/km) at the
point s. The use of the blackbody source function in (2a) is
justified by the assumption of local thermodynamic equi-

librium in which the population of emitting energy states is
determined by molecular collisions and is independent of
the incident radiation field [12]

Equation (2) and its Rayleigh-Jeans approximation are
discussed in [13], and its more general form including
scattering is discussed in [14]. Scattering, although
neglected here, may arise from liquid, ice, or melting liq-
uid depending on the size distribution of the particles. For
our purposes, we note the dependence on the temperature
profile 7(s) and the implicit dependence on pressure,
water vapor, and cloud liquid through «(s). For a plane
parallel atmosphere, the path length s and the height h are
related by s sin(0) = h, where 6 is the elevation angle.
Information on meteorological variables is obtained from
measurements of 7;, as a function of v and/or 6. Equation
(2) is used: (a) in forward model studies in which the rel-
evant meteorological variables are measured by
radiosonde in situ soundings, (b) in inverse problems and
parameter retrieval applications, in which meteorological
information is inferred from measurements of 7; , and (¢)
in system modeling studies for determining the effects of
instrument noise on retrievals and optimum measurement
ordinates, such as v and 6. Calculations of 7, for a warm
(surface temperature 7y =293 K) atmosphere are shown in
Figure 1. We note the transmission windows near 30-50,
70-100, and 130-150 GHz. Radiometer measurements

300
250

200}

To(K)

150

100}

50k

100 150 200

freq (GHz)

Figure 1. Calculated brightness temperatures (K) from 20 to 220
GHz for clear and cloudy conditions. The clear calculations are
based on a standard atmosphere with the surface values (S) of
Ps=1013 mb, Tg =293 K, ps = 10 gm_3 , and IWV = 2.34 cm. The
cloudy atmosphere contains 1 mm of integrated cloud liquid with a
cloud layer of liquid density of 0.1 gm™3between 1 and 2 km. The
absorption models used are given in Figure 2.
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Figure 2. Microwave absorption spectra from 20 to 220 GHz. The
absorption models used were Liebe 89 [4] for clear absorption, and
Liebe et al. 1991 [6] for cloud liquid. In this figure, P = pressure, T =
temperature, py = absolute humidity, and py, = cloud liquid density.

near these windows are used primarily for remote sensing
of clouds and water vapor. The strong absorption features
near 60 and 118 GHz are used for temperature sensing.
Finally, the strong absorption region near 183 GHz can be
used to study very low amounts of water vapor such as are
found during Arctic winter conditions.

3. Microwave Absorption and Emission

The principal sources of atmospheric emission and
absorption are water vapor, oxygen, and cloud liquid. In
the frequency region from 20 to 200 GHz, water-vapor
absorption arises from the weak electric dipole rotational
transition at 22.235 GHz and the much stronger transition
at 183.31 GHz. In addition, the so-called continuum
absorption of water vapor arises from the far wing contri-
butions from higher-frequency resonances that extend
into the infrared region. Again, in the frequency band
from 20 to 200 GHz, oxygen absorbs due to a series of
magnetic dipole transitions centered around 60 GHz and
the isolated line at 118.75 GHz. Because of pressure
broadening, i. e., the effect of molecular collisions on
radiative transitions, both water vapor and oxygen
absorption extend outside of the immediate frequency
region of their resonant lines. There are also resonances
by ozone that are important for stratospheric sounding
[15]. In addition to gaseous absorption, scattering,
absorption, and emission also originate from hydromete-

ors in the atmosphere. Our focus in this article is on non-
precipitating clouds for which emission and absorption
are of primary importance.

3.1 Gaseous Absorption Models

Detailed calculations of absorption by water vapor and
oxygen were first published by J. H. Van Vleck [16, 17].
The quantum mechanical basis of these calculations,
including the Van Vleck-Weisskopf line shape [18],
together with laboratory measurements, has led to increas-
ingly accurate calculations of gaseous absorption. Both
these historical- and recent- developments are discussed
in [19]. Currently, there are several absorption models that
are widely used in the propagation and remote-sensing
communities. Starting with laboratory measurements that
were made in the late 1960s and continuing for several
years, H. Liebe developed and distributed the computer
code of his Microwave Propagation Model (MPM). One
version of the model [20] is still used extensively, and
many subsequent models are compared with this one.
Liebe later made changes to both water-vapor and oxygen
models, especially to parameters describing the 22.235
GHz H2O line and the so-called water vapor continuum
[21]. More recently, Rosenkranz [5a, 5b] developed an
improved absorption model that also is extensively used in
the microwave propagation community. However, there
are many issues in the determination of parameters that
enter into water-vapor-absorption modeling, and a clear
discussion of several of these issues is given in [19].
Relevant to the discussion is the choice of parameters to
calculate the pressure-broadened line width, which, in the
case of water vapor, arises from the collisions of H20
with other H20 molecules (self broadening), or from col-
lisions of H20 molecules with those of dry air (foreign
broadening). In fact, Rosenkranz [5a, 5b] based his model
on using Liebe and Layton’s [20] values for the foreign-
broadened component, and those from Liebe et al. [21] for
the self-broadened component. Another model that is used
extensively in the US climate research community is the
Line by Line Radiative Transfer Model (LBLRTM) by S.
Clough and his colleagues [7]. An extension of the model,
called MONORTM, is most appropriate for millimeter
wave and microwave RTE studies [80]. One feature of the
Clough models is that they have been compared exten-
sively with simultaneous radiation and radiosonde obser-
vations near 20 and 30 GHz. Recently, two important
refinements of absorption models have occurred. This first
is the Rosenkranz [22] refinement of his 1998 codes. The
second is by Liljegren et al. [23], which incorporates the
line width parameters of the 22.235 GHz model from the
HITRAN data base [81] with a new continuum formaliza-
tion. Both of these new models show initial promise in
calculating emission from radiosondes [24].
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Cloud Absorption Models

For spherical particles, the classical method to calculate
scattering and absorption coefficients is through the
Lorenz-Mie Equations [25, 26, and 27]; for sufficiently
small particles, the Rayleigh approximation can be used.
For a given wavelength and single particle, the particle
contribution is calculated; the total coefficients are then
obtained by integration over the size distribution of parti-
cles. An important physical property for the calculations
is the complex dielectric constant of the particle. This
dielectric constant of liquid water is described by the
dielectric relaxation spectra of Debye [28]. The strong
temperature dependence of the relaxation frequency is
linked to the temperature-dependent viscosity of liquid
water; therefore the cloud-absorption coefficient also
shows significant temperature sensitivity. Above 0 °C, the
dielectric constant can be well measured in the laborato-
ry, and a variety of measurements have been made from 5
to 500 GHz [6]. However for super-cooled water, below 0
°C, the situation is less certain, and, for example, models
of [6, 29, 30] differ by 20 to 30% in this region [31]. This
is relevant for cloud remote sensing, because measure-
ments of super-cooled liquid are important for detection
of aircraft icing [32]. When calculating absorption for
nonprecipitating clouds, we assume Rayleigh absorption,
for which the liquid absorption depends only on the total
liquid amount and does not depend on the drop size dis-
tribution, and scattering is negligible. The Rayleigh
approximation is valid when the scattering parameter
B=In(2nr/1)l <<1 [26]. Here, r is the particle radius, A is
the free space wavelength, and 7 is the complex refractive
index. For rain and other situations for which the g is
greater than roughly 0.1, the full Mie equations, com-
bined with a modeled (or measured) size distribution,
must be used.

Due to the nonspherical shape of ice hydrometeors, the
situation is more complicated when scattering plays a role.
Although this situation is beyond the scope of this article,
at millimeter wavelengths, the particle size of cirrus
clouds can be of the order of 100 to 200 microns, and scat-
tering may be important near transmission windows. On
the other hand, the dielectric properties of ice [33, 34] are
very different from those of liquid water. The dielectric
losses of ice have a minimum near 1 GHz, and ice is an
almost perfectly loss-free medium over a large frequency
range. Therefore microwave emission of pure ice particles
can be neglected in most cloud situations. Special situa-
tions occur when ice particles start to melt. A very thin
skin of liquid water can be sufficient to cause significant
absorption and thus emission. Usually, these conditions
apply to precipitating clouds or in the so-called radar
“bright band.”

3.3 Calculations of Absorption Spectra

For standard conditions at sea level, we calculated the
water vapor (H,0), oxygen (O,), and total clear (H,O + O,)
contributions to the absorption coefficient. In addition, we
calculated the liquid absorption coefficient for p, = 0.1
gm=3 at 7= 293 and 273 K. From the results shown in
Figure 2, we note the strong oxygen absorption regions
near 60 and 118 GHz due to oxygen and the large absorp-
tion near 183 GHz. For a given location and altitude, the
oxygen absorption is relatively constant, with variations of
10 to 20%, while both the 22.235 and the 183.31 GHz
absorptions can vary by a factor of 10 to 20. Note also the
strong temperature dependence of cloud absorption, and
the reversal of this dependence at around 150 GHz.

4. Observation techniques

Measuring downwelling thermal emission by microwave
and millimeter wavelength radiometers from a surface-
based platform is now routinely performed on an opera-
tional basis [2, 3]. In addition, surface-based radiometers
are frequently deployed in campaigns specifically designed
to study water vapor [35, 36], clouds [37], and temperature
[38, 39, 40]. In some deployments, specifically designed to
measure water vapor and clouds in combination with other
zenith-looking sensors, zenith observations are of primary
interest. In others, particularly those used to measure
boundary-layer temperature profiles, elevation scanning
radiometers are frequently used. More recently, radiome-
ters scanning in both azimuth and elevation are also used to
observe clouds [41].

The fundamentals of microwave radiometers are clearly
discussed in [13, 42, 43]. Radiometers used to observe the
atmosphere are comprised of a highly directional antenna,
a sensitive receiver, followed by a detector unit and a data-
acquisition system, a total system that requires calibration.
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Figure 3. ASMUWARA in operation the IAP in Bern, Switzerland.
The openings of the 4 horns appear as grey disks at the left of the
rotatable mirror, while the IR radiometer looks through the white
cylinder below the largest horn.
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Figure 4. Schematic diagram of the GSR calibration and scanning
system. The GSR scanhead periodically moves out of the framework
for atmospheric viewing on a trolley system, and shares time observ-
ing the atmosphere and the two thermally controlled blackbody ref-
erence targets.

In this section, we briefly discuss general techniques com-
mon to ground-based systems, and then give examples of
contemporary radiometers.

4.1 Antennas

An antenna measures the antenna temperature, Ty, which is
the integration over 4 m steradians of the product of the
angular distribution of brightness temperature and the
power pattern of the antenna. Usually, the antennas have
symmetric beam patterns with typical widths from 1 to 6°.
Because most remote-sensing systems perform scanning in
a vertical plane, low side lobes are required to minimize
contamination from ground emission. In addition, because
surface-based antennas are deployed in rain and snow, pro-
tection from and reduction or elimination of environmental
effects is of primary concern.

Perhaps the simplest antenna used to observe the atmos-
phere is a horn, either scalar or corrugated, that has a suit-
able beam pattern. If a multi-frequency and equal-
beamwidth system is desired, the dimensions of the horns
can be scaled appropriately. For some systems, the entire
electronics package is rotated with the antenna. A more
common system is to direct the antenna beam from the pri-
mary antenna onto a flat reflecting mirror that is scanned.
In this configuration, only the flat reflector is moved. An
example of this type of system is shown in Figure 3 [44].
Another common method is to use a lens antenna, which
may view a flat reflector. More sophisticated scanning
designs are also possible, such as the use of subreflectors,
reflectors, and mirrors. Frequently, to protect the system
from the environment, the electronics package and the
antenna are enclosed within a radome.

It is important to consider the loss from dielectric lens
antennas. Lenses for remote sensing are usually construct-
ed from low-loss material (loss tangent less than ~ 10-3).
A lossy antenna attenuates an incoming signal and adds
noise due to its own physical temperature. If the loss fac-
tor and the lens temperature are known, the unwanted sig-
nal can be corrected from the measured brightness tem-
perature. The effect can be calibrated out by external tar-
gets or tipping curves (see Section 4.3.2), and a limitation
is imposed by the time spent between valid calibration
observations.

4.2 Receivers

A variety of receiver designs are also common in surface-
based radiometry and several involve Dicke modulation-
type radiometers in which the input to the receiver is alter-
natively switched between the scene (sky) and an internal
calibration load [43]. In the original ETL design [1], the
receiver was based on the Hach [45] design in which the
signal was sequentially switched between the scene and
two internal blackbody targets (hot = 145 °C and reference
= 45 °C). These targets were simply waveguide termina-
tions kept at strictly controlled and measured temperatures.
In the Radiometrics Corporation design (http://www.radio-
metrics.com), a signal generated by a noise diode is alter-
natively turned off and on and added to the signal from the
scene at each angle, including the target [2]. The Russian-
designed scanning radiometers for boundary-layer temper-
ature measurement [38, 39, 40] are total-power radiome-
ters but have been modified to include the signal from a
noise generator. Both the NOAA/ETL Dual Channel
radiometer (see Section 5.1) and the NOAA/ETL Ground-
based Scanning Radiometer (see Section 5.9) receivers use
either conventional Dicke or Hach switches that alternate
between an internal reference load(s) and the scene.
Finally, all of the above receivers are of double-side-band
design in which the signal from a stable local oscillator is
mixed with the incoming radio-frequency signal emanating
from the scene; the intermediate-frequency (IF) signal is
then amplified and detected. With IF bandwidths usually
around 500 MHz to 1 GHz, 1-sec radiometric sensitivities
of 0.1 K are common. Also noteworthy is a specially con-
structed high-stability radiometer [46]. Based on tipcal
analysis (see Section 4.3.3), this unit gave rms errors of
less than 0.05 K over time periods of a month. and stabili-
ties of better than 0.01 K over time scales of 1000 to 10000
s. Another possibility is to use direct detection at the radio
frequency of interest, thus eliminating the mixer and local
oscillator. As improvements are made in radio frequency
amplifiers, increasing use of direct detection is expected.
The use of Dicke or Hach switching overcomes the effect
of receiver-gain variations, but can reduce the sensitivity of
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the receiver. As improvements are made in temperature and
other environmental controls, total-power radiometers may
become more common. Both MICCY (see Section 5.6) and
RPG-HATPRO (see Section 5.7) illustrate some of these
more recent developments.

4.3 Calibration

To derive quantitative information from radiometric mea-
surements, accurate calibration with accuracies of 0.5 to
1.0 K is required. Most radiometric receivers have one or
two internal noise sources that provide some measure of
calibration. However, waveguide losses, lack of complete
knowledge of radiometric parameters, and a host of other
causes usually dictate that some external calibration
method also be employed. We assume that the radiometer
uses a square law detector, in which the output voltage is
proportional to the input power; i. e., voltage is propor-
tional to the antenna temperature. We will briefly describe
three commonly used calibration techniques.

4.3.1 External Blackbody Reference Targets

A seemingly straightforward calibration method is to view
two external blackbody targets that are kept at two widely
separated temperatures [43]. If 7, and T} are the two target
temperatures with respective output voltages of v, and v,
then

B —

T
Ty, =T + 1 (vs —vi1)

V) —V

3)

where (74)g is the antenna temperature of the scene and v;
is its corresponding voltage. Preferably, the target temper-
atures bracket the range of antenna temperatures emitted
from the scene. Also, it is important to construct targets
with high emissivity such that reflections from external
sources are negligible, and to have the targets sufficiently
large that at least 1 1/2 to 2 projected antenna diameters are
captured by the target system. Targets are frequently con-
structed with a surface having high thermal conductivity
covered with a thin layer of very absorbing material. Many
times, a corrugated pyramidal surface with wavelength-
dependent spacing and depth ratios, is constructed to
reduce reflections and hence to increase emissivity. The
target is frequently embedded in a thermal insulator that is
transparent to incoming radiation. Finally, when a target is
placed in a thermal environment in which the environmen-
tal temperature differs greatly from desired target temper-
ature, measurements of target temperatures at several loca-
tions within the target are essential. The target calibration
methods are most useful when the atmospheric brightness

temperatures are within the range of easily achieved target
temperatures; e.g., near the center of the 60 GHz O,
absorption or near the 183.31 GHz water vapor line.

4.3.2 The Tipping Curve Calibration Method

In the transmission windows from 20 to 45 GHz or from
70 to 150 GHz, clear-sky 7;,’s can be in the 10 to 50 K
range and, hence, operational deployment of targets
whose temperatures are in this range is difficult. In this
low transmission case, the so-called tipping-curve calibra-
tion method (tipcal) can give a high degree of accuracy [2,
47] and has been commonly used throughout the
microwave community. In this method, brightness temper-
atures are measured as a function of elevation angle 6, and
are then converted to opacity 7(6) using the mean radiat-
ing temperature approximation [48].

For each angle 6, an angular-dependent mean radiating
temperature T,,,.(0) is used to derive the optical depth ()
by

B, (T,,,(0)) — B,(T.) ) 4)

() =1In <
B, (T,,r(0)) — B, (T)(6))

If the system is in calibration, then the plot of 7(9) as a
function of (normalized) air mass m (= csc (9)), will pass
through the origin; conversely, if 7(m) = t(1)m + b does
not pass through the origin, then a single parameter in the
radiometer equation is adjusted until it does. Note that
when the calibration is achieved, then the slope of the line
is equal to the zenith opacity. Several of the factors affect-
ing the accuracy of tipcals were analyzed in [47]. The most
serious of these errors are those caused by non-stratified
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Figure 5. Photograph of the scanhead of the GSR.
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atmospheric conditions and can occur due to clouds and
horizontal variations in the water vapor field. Various cri-
teria, based on symmetric scans, are available to determine
the quality of a tipcal [2, 47]. In summary, the tipcal
method, when applicable, can give absolute accuracies of
0.3 to 0.5 K rms over 20 to 200 GHz frequency range.

4.3.3 Brightness Temperature Calculations to Calibrate
For a highly stable radiometer such at the NOAA/ETL pro-
totype [1] that was operated at a radiosonde launch facili-
ty, radiosonde data that are taken during clear-sky condi-
tions can be used with a forward radiative transfer model
(1) to calculate Tps. If the T,s are taken over a variety of
elevation angles, or over a range of meteorological condi-
tions, the measured data can be used as calibration points.
This method assumes implicitly the correctness of the for-
ward model and also of the radiosondes. The technique is
most applicable near highly absorbing spectral regions,
such as in the 60 GHz oxygen region, for which the calcu-
lated Tjs are insensitive to choice of forward model. When
applied to all channels of a multi-frequency radiometer
that derives meteorological information, it also ensures
internal consistency between radiometric data and the for-
ward model used in retrievals.

4.3.4 Cryogenic Loads to Calibrate

The use of blackbody targets immersed in cyrogenic fluids,
such as liquid nitrogen (LN2), is another commonly used
method of establishing a single calibration point [42, 82,
83]. In this method, a blackbody target is immersed in the
cryogen and the antenna looks directly at the target.
Allowance for the reflection of the ambient scene must be
made, and the reflection coefficient of the cryogen must
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Figure 6. Photograph of the deployment of the GSR, MWRP, and
MWR at the NSA/AAO Arctic Winter Radiometric Experiment that
was conducted in Barrow, Alaska, USA, during March-April 2004.

also be known. For example, the apparent brightness tem-
perature of LN2 at 290 K at a wavelength of 2.2 mm is
79.05 [82]. In [83], a series of LN2 calibrations were done,
and the Tb differences between the Radiometrics
Corporation Microwave Radiometer (see Section 5.2) and
the predicted value of Tb emitted from LN2 was within 0.7
K. Frequently a transparent enclosure, such as polystyrene,
surrounds the LN2-imersed blackbody, and care must be
taken to avoid condensation on the polystyrene.

5. Examples of Radiometric Systems

In this section, we discuss several types of contemporary
ground-based radiometers. Since some of these are com-
mercially available, we, of course, do not endorse any par-
ticular instrument.

5.1 NOAA/ETL Dual Channel Radiometer

NOAA/ETL designed, constructed, and currently operates
several dual-frequency radiometers at (20.6 or 23.87 GHz,
31.65 GHz) that are used for measuring integrated water
vapor (IWV) and liquid water path (LWP) [1]. For each of
the radiometers, the electronics, and the antenna and feed,
are all housed in a benign environment, such as a seatain-
er. In this environment, the radiometer is free from precip-
itation and the internal temperature of the seatainer is con-
trolled to about 5 degrees. The antenna is an offset parab-
oloid with a hybrid-mode feed, which results in high-qual-
ity radiation patterns that minimize the effect of extraneous
sources of noise; the antenna aperture is devoid of block-
age and the beam is steerable in a vertical plane. The
antenna has the same beamwidths at both frequencies (the
full width at half power -FWHP- is either 2.5 or 4.0 °),
thus minimizing differential beam-filling during nonhomo-
geneous cloud conditions. Some ETL systems have rapid-
ly rotating reflectors to reduce the effects of rain [49]. The
radiometer is triple switched in the Hach [45] mode; this
results in continuous internal calibration and high stability.
External calibration is accomplished on approximately a
weekly basis using the tipcal method.

5.2 Radiometrics Corporation Microwave Radiometer
(MWR)

Radiometrics Corporation has designed, constructed, and
sold several dual-frequency (23.8 and 31.4 GHz) MWRs
for measuring IWV and LWP [2]. Each radiometer is easi-
ly portable and all electronics, antenna, and calibration tar-
gets are enclosed in a radome. The antenna is a corrugated
horn with a dielectric lens that views a stepping mirror for
scanning the atmosphere and a blackbody target. The
FWHP beamwidths of the system are 5.9 ° at 23.8 GHz and
4.5 ° at 31.4 GHz. The gain of the system is determined by
viewing the target with and without noise injected by a
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noise diode. Calibration of the system consists in deter-
mining the effective noise diode temperature Typ and is
done by the tipcal method. When tipcals can’t be done, Typ
is estimated by a procedure described in [2]. The MWR is
equipped with a heated blower and a moisture detector to
minimize the effects of rain and dew. Data from several
MWR’s have been used extensively by the U. S. climate
community [84, 85]

5.3 Tropospheric Water Vapor Radiometer (TROWARA)
At the Institute of Applied Physics (IAP ) at the University
of Bern, a first generation radiometer system for continu-
ous measurements of IWV and of LWP has been operated
since 1994. The instrument, called TROWARA, was
designed and built at the IAP, operating at 21 and 31 GHz
[50] with internal calibration, and supplemented by hourly
tipping curves [51]. The limitation to two channels
requires an estimate of the effective tropospheric tempera-
ture [52]. Over the years TROWARA has provided a large
data set, which has been used for validating other remote
sensing methods [89] and for climate monitoring. The pos-
itive IWV bias of 2 mm observed by Ingold and Mitzler
[90] over thel995 to 1998 period was eliminated by
radiometer improvements. Since December 2002 the
instrument has been working with improved stability and
with complete protection against raindrops, thus allowing
measurements during all-weather conditions [91].

5.4 Meteorological Temperature Profiler MTP5

Kipp & Zonen BV is now marketing a radiometer that was
originally designed and deployed by the Russian firm
ATTEX [38, 40]. This radiometer is designed to measure
temperature profiles in the boundary layer from 0 to 600 m
above ground level (AGL). The radiometer is a single-
channel (61 GHz) solid-state Dicke-type super-heterodyne
receiver that is electronically chopped at 1 KHz between
the sky and a reference noise source. The antenna is a
scalar horn with a FWHP beam width of 6 ° and scans by
viewing a flat reflector at each of 11 scanning angles.
Because of the 2 GHz bandwidth and a low receiver noise
temperature of 600 K, a high sensitivity of 0.04 K is
achieved. Calibration of the receiver is achieved by 0.1 °C
temperature control and a switched internal noise genera-
tor. A one-point absolute calibration is achieved either by
viewing an external target or by knowing the emission tem-
perature in the horizontal direction. A variation of this
radiometer, developed at NOAA/ETL, scans continuously
in a 360 ° vertical plane, and, in addition to temperature
profiles, can also be used to measure air-sea temperature
difference [53].

5.5 Radiometrics Corporation Microwave Profiler
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Figure 7. Time series of GSR data near 183.31 GHz at the NSA/AAO
Arctic Winter Radiometric Experiment that was conducted in
Barrow, Alaska, USA, during March-April 2004.

(MWRP)

Radiometrics Corporation has developed a multi-frequency
microwave radiometer that is based on a highly stable, tun-
able, and synthesized, local oscillator in the receiver. This
design overcomes errors caused by receiver frequency
drift, while allowing observation of a large number of fre-
quencies across wide tuning ranges. The total power
receiver has a highly stable noise diode that is used as a
gain reference. The radiometer observes atmospheric
brightness temperatures in five frequency bands from 22 to
30 GHz, and in seven bands from 51 to 59 GHz [3, 54, 55].
It also measures zenith infrared temperature, surface tem-
perature, humidity and pressure. The radiometer has auto-
mated elevation- and azimuth-scanning capability, and the
observation interval can be as short as several seconds. The
instrument is relatively portable, with 0.12 m? volume and
32 kg weight.

5.6 Microwave Radiometer for Cloud Cartography
(MICCY)

MICCY is an 11 frequency 22-channel radiometer operat-
ed by the University of Bonn [41] which is capable of high
temporal (0.1 s) and spatial (< 1°) resolution. The radiome-
ter has 10 channels on the high-frequency side of the
22.235 GHz water vapor line, 10 channels on the low-fre-
quency side of the 60 GHz O, absorption ban, and two
channels at 90 GHz; at each of the 11 frequencies of oper-
ation, both H and V polarization are measured. MICCY is
a single sideband total power radiometer that is based on a
heterodyne receiver filter-bank design (parallel detection
of all frequency channels). The thermal stability of the
receivers is less than 20 mK, which implies that the instru-
ment is capable of maintaining its radiometric accuracy for
several minutes without recalibration. Both targets and
inserted noise from highly stable diodes are used in cali-
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Figure 8. Time series of comparisons of IWV from radiosondes, the
Global Positioning System, and the MWR. Data were taken at the
NSA/AAO Arctic Winter Radiometric Experiment that was conduct-
ed in Barrow, Alaska, USA, during March-April 2004.

bration. With FWHP beam widths of about 0.9 ° the
radiometer is capable of full 360 ° scanning in azimuth and
a zenith scan of 0 to 90 °. For mapping of clouds, the entire
system can be scanned in azimuth and elevation. The latter
is performed by a planar mirror that reflects the incoming
radiation into a fixed 1 m Cassegrain system. The system
comprises a quasi-optical multiplexer for three frequency
bands. Internal ambient and cold blackbodies are used for
absolute calibration, while internal noise calibration stan-
dards are used in between absolute calibrations. The entire
system is mounted on a transportable trailer, and all parts
are enclosed in a radome.

5.7 Radiometer Physics GmbH-Humidity
Temperature Profiler (RPG-HATPRO)

Because the implementation of an operational network of
microwave radiometers is presently hampered by the cost
and complexity of the available instruments, it was a major
objective of the European CLIWA-NET project [37] to
develop a network-suitable low-cost microwave radiometer.
This radiometer — RPG-HATPRO - has been built by
German  company Radiometer  Physics GmbH
(http://www.radiometer-physics.de/html/RPG_home.html).
The RPG-HATPRO comprises total-power radiometers uti-
lizing direct detection receivers at all frequencies (14 chan-
nels up to 60 GHz). This approach avoids any problems that
might arise from mixers or local oscillators (standing
waves, frequency drifts, insufficient isolation, sideband
suppression, higher system complexity and cost). Thus, the
stability and accuracy of the system are drastically
improved. Furthermore, possible IF interferences caused,
for example, by communication systems that frequently
operate near the IF frequencies, are eliminated. The
receivers of each frequency band are designed as filter-

and

banks in order to acquire each frequency channel in paral-
lel. In addition, the flexibility to adjust each channel band-
width individually allows for optimizing temperature pro-
filing for both boundary layer and full troposphere.

5.8 All-Sky
(ASMUWARA)
The ASMUWARA is a radiometer system designed for
remote sensing of tropospheric water vapor, cloud liquid
water, and temperature profiles [44]. It was designed and
built at the IAP. The instrument consists of nine microwave
channels in the frequency range from 18 to 151 GHz, a
broad-band thermal infrared radiometer (wavelength band:
8 to 14 um), meteorological sensors, including a rain
detector, and an optional camera. The radiometers are
housed in a temperature-controlled cylinder with all beams
aligned in a horizontal direction pointing to a rotating mir-
ror that scans the sky and two calibration loads. The entire
instrument can be rotated around its vertical axis. The
beams perform a rosetta-like pattern to map the sky hemi-
sphere within 20 minutes. All channels have the same view
and a common full beam width of 9°, formed by corrugat-
ed horns. The beam width is a compromise between angu-
lar resolution and sky coverage within the time scale of
atmospheric variations. All horns are vertically polarized.
The mirror reflection rotates the polarization during the
scan from vertical (at the horizon) to horizontal (at nadir
and zenith). A special challenge was the broad bandwidth
required for the common instrument optics, ranging from
18 GHz to the thermal infrared. The solution was to con-
struct a sufficiently large flat aluminum mirror that
allowed parallel beams for each spectral range, and to
avoid any sort of radome. In this way the instrument works
well in periods without precipitation. A planned extension
to all weather operability will include a movable roof with
a limited sky view during periods of rain. Figure 3 shows
the weather-exposed parts of ASMURARA in operation on
the roof at IAP. In principle, ASMUWARA is similar to
other recently developed radiometer systems for the tro-
posphere [3, 54, 55]. The main difference is the availabili-
ty of and the concentration on the hemispheric imaging
mode for all channels, including the infrared.

Multi-Wavelength Radiometer

5.9 NOAA/ETL Ground-Based Scanning Radiometer
(GSR)

For purposes of Arctic deployments, NOAA/ETL designed
and constructed a multi-frequency scanning radiometer
operating from 50 to 380 GHz. The radiometers are
installed into a scanning drum or scanhead (see Figures 4
and 5). The GSR uses a sub-millimeter scanhead with 11-
channels in the 50-56 GHz region, a dual-polarized mea-
surement at 89 GHz, 7-channels around the 183.31 GHz
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water vapor absorption line, a dual-polarized channel at
340 GHz, and three channels near 380.2 GHz. It also has a
10.6 micrometer infrared radiometer within the same scan-
head. All of the radiometers use lens antennas and view
two external reference targets during the calibration cycle.
In addition, each of the radiometers’ design includes two
internal reference points for more frequent calibration. The
GSR instrument is a modification of a similar instrument
that operated at the North Slope of Alaska/Adjacent Arctic
Ocean site in 1999 [36]. A substantial improvement in
radiometer calibration for ground observation in the Arctic
environment has been achieved. Based on experience from
the 1999 experiment, a new set of thermally stable calibra-
tion targets with high emission coefficients were also
designed, constructed, and deployed. The primary use of
the instrument is to measure temperature, water vapor, and
clouds, at cold (-20 to -55 °C) and dry (PWV <5 mm) con-
ditions. A schematic of the GSR is shown below in Figure
4. The GSR, along with the MWR and the MWRP was
deployed in the NSA/AAO Arctic Winter Radiometric
Experiment that was conducted in Barrow, Alaska, USA,
during March-April 2004 [56] (See Figure 6). The beam
widths of the GSR channels are 1.8 ° and can be averaged
to given beam-widths that are consistent with the MWR
(4.5°t0 5.5 °). An example of data from the GSR is shown
in Figure 7. Here we see time series of consecutive scans
at each of the 7-channels of the 183 GHz system. Each
scan begins and ends with the radiometer viewing the hot
and cold calibration targets. The scanhead then moves out
of the calibration housing where it views the atmosphere
with a series of continuous and dwell movements. Each
scan takes about 2-min to complete. Data from the 26
channels of the GSR should lead to unprecedented infor-
mation on the evolution of temperature, water vapor, and
clouds in the Arctic.

6.0 Retrieval techniques

Techniques to derive meteorological information from
radiation measurements are generally based on Equation
(2). Because only a finite number of imperfect radiation
measurements are available, and a continuum of parame-
ters is needed to describe profiles of temperature, water
vapor, and cloud liquid, a rigorous mathematical solution
does not exist and the inverse problem is said to be ill-
posed [57, 58]. Therefore, it is better to regard the mea-
surements as constraints and to blend them with supple-
mentary sources of information or to drastically reduce
the dimensionality of the inverse problem by projecting
the profiles onto their linear functionals. Useful supple-
mentary information can be provided by numerical mete-
orological forecasts, or by a priori information obtained
from past data. Examples of profile linear functionals are

IWV and LWP for moisture variables and geopotential
height for temperature profiles [48]. An excellent review
of algorithms that are commonly used in meteorological
remote sensing is given by Rodgers [9]. Other frequently
used methods: neural network inversion [59, 60]; and
Kalman filtering [61, 62, 63] and regression [64]; Kalman
Filtering is also a general technique and is described in
excellent books [65, 66]. Another technique of great
promise is to combine radiometer data with a numerical
forecast model, as has been done successfully in satellite
meteorology [67, 68].

7. Radiometric Sensing of Tropospheric Meteorological
Variables

Remote sensing of meteorological variables by radiometry
is now a mature field, with a history of applications at least
since the mid 1960’s. The strengths of the techniques are
accurate calibration, temporal resolutions of the order of
seconds, and the ability to measure spatially integrated
quantities. In this section, we review a few of the tech-
niques that are now well-established internationally. We
then present newer applications that have considerable
potential for both research and operational meteorological
applications.

7.1 Integrated Amounts of Water Vapor and Cloud
Liquid

Both water vapor and cloud liquid are important variables
in meteorology and climate. Due to thermodynamic
processes of evaporation and condensation, as well as
transport by winds, these quantities vary greatly in space
and time. Water vapor is characterized by water-vapor den-
sity as a function of spatial coordinates and time. To char-
acterize liquid in clouds requires knowledge of particle
size as well. Water clouds consist of a large number of
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Figure 9. Time-height cross-sections derived from MWRP data dur-
ing the NSA/AAO Arctic Winter Radiometric Experiment that was
conducted in Barrow, Alaska, USA, during March-April 2004.
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droplets of varying sizes. The number of all droplets with-
in a unit volume is the total number density [m3]. The
drop size distribution (DSD) describes the number density
as a function of droplet radius; i. e., the number of drops
per unit volume within a given radius interval. Due to the
complex microphysical processes within clouds, DSDs are
highly variable in time and space. In contrast to raindrops,
cloud droplets are perfect spheres. Thus, all cloud micro-
physical parameters can be calculated from the DSD. For
example, the cloud liquid-water content (LWC) [kg m—3]is
given by the product of the total volume of water and the
density of water. Because the volume of a sphere is pro-
portional to the radius cubed, LWC is also called the third
moment of the DSD. It comprises one of the most interest-
ing properties of clouds and is the prognostic variable in
most numerical weather prediction and climate models to
describe clouds, but few observations are available for the
validation of the model results. By far, the most accurate
method to determine the LWP, the vertical integral of
LWC, is ground-based passive microwave radiometry.
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Figure 10. (A) A 10-day time series of temperature at 200 m as mea-
sured by the ATTEX radiometer, by the in situ measurement on the
tower, and by a Radio Acoustic Sounding System (RASS). January
1-10, 1997.(B) A 6-day time series of temperature at 200 m as mea-
sured by the ETL radiometer and by the in situ measurement on the
tower. December 21-27, 1996. After [40].

However, for many applications, it is also crucial to know
at which altitudes the water is located. To determine the
cloud-base height several instruments can be used (e.g.
cloud radars, cloud lidar ceilometers, and infrared (IR)
radiometers); for cloud thickness, cloud radars are used.
Finally, to determine profiles of LWC, the combination of
passive microwave and cloud radar measurements is
promising [69, 70].

Dual-frequency measurements of brightness tempera-
ture at an optimum frequency near the 22.235 GHz water
vapor line and in a transmission window have been used to
measure IWV and LWP for about 25 years [1, 48, 63]. The
general accuracy of dual-frequency radiometric measure-
ment of IWV has been shown to be better than 1 mm rms
[35]. However, because of the lack of in situ measurements
of cloud liquid, an adequate experimental evaluation of
LWP over a range of cloud conditions is not available.

An example of IWV retrievals is shown in Figure 8.
Here, we show the comparisons from data taken during the
2004 NSA/AAOQO Arctic Winter Radiometric Experiment
[56]. Data shown include soundings from radiosondes, the
Global Positioning System, and the MWR.

Improvements on the dual-channel method can be made
with multi-frequency observations. The liquid-water path
can be estimated from atmospheric emission measure-
ments in the microwave region because in this spectral
region, the cloud contribution strongly increases with fre-
quency (Figures 1 and 2). The standard dual-channel prin-
ciple has been described above for the determination of
IWV. For the retrieval of LWP, the channel close to the
water-vapor absorption line corrects for the changing
water-vapor concentration of the atmosphere. Such obser-
vations are, with the exception of expensive and rather lim-
ited aircraft measurements, the most accurate method to
observe LWP with an estimated accuracy of better than 25
gm~2. A rough estimation shows that about 10 gm~2 are
caused by the measurement error while the rest can be
attributed to the under-determined retrieval problem. The
additional use of the 90 GHz channel can further constrain
the problem and improve accuracy to less than 15 gm~2
[69, 70].

7.2 Temperature
Radiometers

Radiometric temperature profiling can be accomplished by
measuring the spectrum of radiation intensity at points
along the side of the oxygen feature at 60 GHz [71]. By
scanning outward from band center, where the opacity is so
great that all signal originates from just above the antenna,
onto the wing of the line, where the radiometer “sees”
deeper (higher) into the atmosphere, altitude information is
obtained. Emission at any altitude is proportional to local

Profiling by Multi-frequency
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temperature; thus, the temperature profile can be retrieved.
Either shoulder of the band center is suitable for retrieval
of temperature profile information.

As discussed in Section 4.5, Radiometrics Corporation
has developed the MWRP. Historical radiosonde and neur-
al network or regression methods are used for profile
retrieval [3] and comparsions between radiosondes and
derived profiles are shown in [77]. Retrievals include tem-
perature and humidity soundings up to 10 km height, and
one-layer cloud liquid soundings. Radiometric retrievals
from this instrument are similar in accuracy to radiosonde
soundings when used for numerical weather prediction [3].
Retrieval error is smaller than radiosonde sounding error
for boundary-layer temperatures, and slightly higher above
the boundary layer. The dominant radiosonde error is the
representativeness error that results from the characteriza-
tion of a model cell volume by a point measurement. This
type of error is especially important when there are strong
temporal or spatial gradients in the meteorological pro-
files. Radiometric retrievals are based on temporal aver-
ages and are less susceptible to representativeness error
than radiosonde soundings. One of the potential advan-
tages of high-temporal-resolution radiometric data (10 to
15 min) is that the data could be directly assimilated into
weather forecast models and improve short term forecasts.
A useful technique for displaying radiometric retrievals is
that of time-height crossections in which the horizontal
axis is time, the vertical axis is height, and the radiometric
data are color coded. An example is shown in Figure 9
using MWRP data taken during the 2004 NSA/AAQO exper-
iment [56]. Note that the retrievals capture the intense ther-
mal inversion (temperature increases with altitude) near
the ground, and how the diurnal changes in the profiles are
evident. Temperature profiles have also been derived from
the ASMUWARA [44].

7.3 Boundary layer Temperature Profiling from
Scanning Radiometers

Angular techniques for measuring emission were devel-
oped by ETL in the early 1970s [72], but due to mechani-
cal simplicity, the zenith-viewing multi-spectral radiome-
ters were chosen by them [1] as a component of a proto-
type remote-sensing system. However, in 1992, Russian
scientists developed a scanning single-channel radiometer
that showed promise for routine monitoring of the bound-
ary layer [38, 73]. Development of this kind of radiometer
has been continued by the Russian firm (ATTEX) and
numerous applications to boundary-layer studies have been
published. The technique consists of measuring atmos-
pheric emission at different angles in a wavelength band
that exhibits relatively high atmospheric attenuation. The
radiometer operates at 60 GHz (wavelength 5 mm), near
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Figure 11 Series of 14 successive azimuth scans at 30 deg elevation
with the multi-channel microwave radiometer MICCY having a
beam width of less than 1 deg in all channels. Liquid water path was
derived using a regression algorithm employing four frequency
channels. After [69].

the peak of the strong oxygen band, has a 6 ° beam width,
and can yield data on a 1 sec basis. In this frequency
region, the radiation in the horizontal direction can be used
as a reference level since 7), is essentially equal to the air
temperature at the measurement height. Thus, an accurate
air-temperature measurement provides a calibration of the
radiometer offset. An independent measurement, such as a
laboratory blackbody reference load, or calculations of 7,
from radiosondes, is necessary to determine the radiome-
ter’s gain. From the downwelling radiation at different ele-
vation angles, atmospheric air temperature profiles can be
obtained. The vertical resolution of the retrieved profiles is
a function of altitude, and ranges from about 10 m near the
surface to about 300 m at the 500 m altitude. Several
experiments were conducted in Russia, Germany, the
United Kingdom, and Japan by E. Kadygrov and his co-
workers at ATTEX; a similar instrument has been operated
by ETL near Boulder, Colorado, at a meteorological tower
[40], at three experiments in Oklahoma, one in the tropics
[53], and one at Barrow, Alaska [36]. In all cases, the rms
errors were less than 0.5 K below 500 m. An example of
temperature measured at 200 m above ground level (AGL)
by the radiometer and by in situ measurements on a tower
is shown in Figure 10. Because of the simplicity and porta-
bility of the instrument and its extremely flexible charac-
teristics, it has been used from airborne, ship-, and ground-
based platforms [40, 53, 86].

IEEE Geoscience and Remote Sensing Society Newsletter ¢ March 2005 27



Cloud classification BEC2 (35 GHz), 030519

Altituda [km)

LWP-APG [grr’]

time [UTC)

Figure 12. Cloud classification and LWP for May 19, 2003 at
Cabauw. Temperature is derived from interpolated radiosondes. The
classification is performed for each individual cloud radar range
gate. Black dots indicate the cloud base height as observed by lidar
ceilometer.

There also was a substantial amount of research into
temperature profiling, in particular, and microwave
radiometry, in general, in the former Soviet Union. A com-
prehensive review of this work that contains numerous ref-
erences to the original work is contained in the book by
Stepanenko et al. [74].

7.4 Angular Scanning Observations of Cloud Liquid
Small scale information on the cloud structure is mea-
sured by the microwave radiometer for cloud cartography
(MICCY-see Section 4.6) [41]. This radiometer makes
scanning measurements with high temporal (0.1 s) and
angular (less than 1 °) resolution. Figure 11 shows sever-
al azimuth scans observed by MICCY, made at an eleva-
tion angle of 30°. Such information can be used for stud-
ies concerning three-dimensional radiative transfer of
solar radiation through clouds by improving our estimate
of the cloud water distribution and cloud structure.
Scanning is also important to study the anisotropy of
cloud structure. The autocorrelation function can be cal-
culated for bins with a certain range of distances and
angles to get a two-dimensional autocorrelation function.
Case studies have shown strong anisotropies in the LWP
field oriented in the direction of the wind. Thus, zenith
measurements of the clouds that drift by on the wind
would show a correlation length that is not representative
of the field.

7.5 Integrated Profiling by Sensor Synergy

While the cloud water column can be derived accurately
from microwave radiometer measurements alone, the
information about its vertical distribution is rather limited.
Therefore, microwave radiometer measurements are often

combined with simultaneous cloud radar observations
which provide the radar reflectivity factor Z with a verti-
cal resolution of approx. 50-100 m. Since Z is proportion-
al to the sixth moment of the drop size distribution and the
cloud liquid water content LWC is proportional to the
third, a direct conversion of Z to LWC results in large
errors. Thus, a common approach used by Frisch et al.
[75] scales the radar reflectivity profile to the LWP as
measured by a radiometer. A more sophisticated, physi-
cally based technique [76] combines the microwave
brightness temperatures, the attenuation-corrected radar
reflectivity profile, the lidar-ceilometer cloud base,
ground temperature and humidity, and the nearest opera-
tional radiosonde profile within an optimal estimation
retrieval. This Integrated Profiling Technique (IPT) can
simultaneously derive profiles of temperature, humidity,
and LWC. The retrieved IPT profiles are characterized by
their physical consistency with respect to the microwave
radiometer and cloud radar measurements. Additional
constraints guarantee a match with the ground-level mea-
surements, saturation within the cloud boundaries, and
statistical consistency with the radiosonde temperature
and humidity profiles. Error covariances of all measure-
ments are required, such that all constraints can be met
within an iterative optimal estimation procedure. The
solution is interpreted as a probability density so that a
retrieval error estimate is inherently given. A further
advantage of the IPT is that, in contrast to the LWP scal-
ing methods, the LWC profiles are independent of errors
of an LWP algorithm.

Presently, the IPT has been developed only for cases
when the radar reflectivity is solely caused by liquid-water
drops. This means that the occurrence of mixed phase
clouds within the vertical column above the instruments
will make IPT application impossible. However, the pres-
ence of pure ice clouds above one or more liquid cloud lay-
ers will not influence the IPT because ice clouds do not
contribute to the microwave signal in the frequency range
below 90 GHz. Furthermore, insect- and precipitation-dom-
inated radar pixels need to be removed. Thus, to be able to
apply the IPT automatically, a cloud classification was
developed that distinguishes between six phases/regimes
(pure ice, mixed-phase, pure liquid water, drizzle, signifi-
cant precipitation and unclassified). The classification
makes use of cloud radar, lidar-ceilometer, the nearest oper-
ational radiosonde temperature profiles, and microwave-
radiometer-derived LWP. An example of the cloud classifi-
cation for one day is shown in Figure 12. Obviously, the
ice- and mixed-phase- clouds dominate the radar signal.
Although the classification suggests that water clouds play
a minor role, their strong influence on the solar radiation
makes them of utmost importance for climate research.
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The advantage of microwave remote sensing is that even
in the presence of thick clouds, temperature and humidity
can be determined with good accuracy. However, because
the vertical resolution is relatively coarse (about 1-2 km
[77]) sharp inversions can’t be resolved completely.

The IPT is a first step toward an “all-encompassing”
profiling algorithm which combines measurements from
all available instruments to derive the atmospheric state as
accurately as possible. Since this task should ideally be
accomplished in a physically consistent way, knowledge of
all involved forward models is required. Future extensions
will include infrared and ceilometer forward models to fur-
ther constrain cloud microphysical parameters, especially
in the lower part of the cloud.

8.0 Concluding Remarks

For the past 35 years, surface-based microwave radiome-
ters operating below 60 GHz have provided useful data on
temperature, water vapor, and clouds. Steady progress has
been made in the development of robust, sensitive, and
accurate radiometers. This has been accompanied by con-
tinued development of forward models for the accurate cal-
culation of brightness temperature, although there is still
some concern about cloud liquid characterization below
freezing temperatures. The development of suitable inverse
models has also occurred, but, it now seems likely that
assimilation of data with forecast models is the most
promising technique for exploiting radiometer data [67,
68]. Of equal promise, is the synergism of active and pas-
sive sensors, as has been achieved in cloud sensing [69, 87,
75], in moisture profiling [78], and in the use of wind pro-
filer estimates of significant moisture gradients to improve
humidity profile retrieval [79].

Another promising area of research is the development
of scanning radiometers that can measure horizontal gradi-
ents in water vapor and cloud liquid. For example, mois-
ture gradients are frequently seen in tipcal measurements
by MWRs [47].

The ASMUWARA has the potential to be an important
tool for ground-based remote sensing of the troposphere.
Advancements are expected to be made from the participa-
tion at the COST-720 intercomparison campaign for tem-
perature, humidity and cloud profiling that was made in
Payerne (Switzerland) from November 2003 to January
2004. Improvements will include the synergy of all chan-
nels in a coherent retrieval. With respect to instrumentation
of ASMUWARA, an advancement will be the addition of
the 151 GHz channel which will allow higher sensitivity to
clouds. Also to be exploited is the potential to measure pre-
cipitation [88]; for this purpose use will be made of the
lower frequency channels in case of rain and the 151 GHz
channel for dry snow. If the methods are successful,

ASMUWARA will become a valuable tool in the ground
validation of the international Global Precipitation Mission
to be created by the space agencies of Europe, Japan and
the USA. On the practical side, main improvements are
expected from the protection of the instrument against wet-
ting by raindrops.

Finally, the sensitivity of radiometers to both water
vapor and cloud liquid increases with frequency, and arctic
regions, with typical small amounts of both liquid and
vapor, seem especially amenable to millimeter wave
radiometry. As satellite sensors increasingly use millimeter
wavelength radiometers, accurate forward models for satel-
lite retrievals can be developed by using data from upward-
looking sensors coupled with radiosondes. Such forward
models are important in surface-, airborne-, and satellite-
based remote sensing, as well as for communication.
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Goddard Space Flight Center

Hydrospheric and Biospheric Sciences Laboratory

Positions Available in Remote Sensing Measurement
Techniques, Oceanography, Cryospheric Science,
Hydrology, and Terrestrial Ecology

The Hydrospheric and Biospheric Sciences Laboratory
(HBSL) at NASA’s Goddard Space Flight Center in
Greenbelt, Maryland invites applications for several
positions in this newly restructured Laboratory. The
mission of the Laboratory is to explore and understand the
Earth’s hydrosphere and biosphere, including the
transport and storage of walter in all its forms, the
processes that support life on Earth, and the linkages
between the hydrosphere, climate and life. We are
seeking individuals interested in the development and
application of innovative measurement techniques, and
also individuals with expertise as physical and biological
oceanographers, hydrologists, cryospheric scientists, and
biospheric scientists/terrestrial ecologists interested in
critical Earth science research issues and their
relationships to NASA’s vision for space exploration
(http://www.nasa.gov/missions/solarsystem/explore_main.html,
We are particularly seeking those interested in research
from a remole sensing perspective. Experience with
NASA Earth science missions and/or a related research
activity is highly desirable. A Ph.D., or equivalent
experience related to the areas of expertise listed above, is
preferred. Applicants should have a demonstrated record
of research that includes publication of significant results
in the scientific literature. We encourage young
professionals as well as those having a strong background
in leadership and planning of programs and activities.
Most positions are U.S. Civil Service term appointments
available for U.S. citizens. These positions are analogous
to universily lenure-track positions and may lead to career
civil service appointments. Salary will be commensurate
with experience and qualifications at the GS-12 through
15 levels ($62,886 - $135,136 per year). Additional
information and instructions on how to apply can be
found in the “job opportunities” section of the Laboratory
website (hitp:/neptunc.gsfe.nasa.cov). We will begin to
review applications by late-January 2005; however, there
is no official closing date for this solicitation.
NASA is an Equal Opportunity Employer.
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